Recently, the HADES experiment at GSI has provided preliminary data on the directed flow, v1 elliptic flow, v2 and triangular flow, v3 of protons in Au+Au reactions at a beam energy of 1.23 A GeV. Here we present a theoretical discussion of these flow harmonics within the UrQMD transport approach. We show that all flow harmonics, including the triangular flow, provide a consistent picture of the expansion of the system, if potential interactions are taken into account. Investigating the dependence of the flow harmonics on the nuclear interaction potentials it is shown that especially v3 can serve as a sensitive probe for the nuclear equation of state at such low energies. The triangular flow and its excitation function with respect to the reaction-plane were calculated for the first time and indicate a complex interplay of the time-evolution of the system and the initial conditions at low beam-energies. Our study also indicates a significant softening of the equation of state at beam energies above E lab > 7A GeV which can be explored by at the future FAIR facility.
I. INTRODUCTION
The collision of heavy and light ions at various beam energies allows to explore the properties and dynamics of strongly interacting matter, i.e. matter governed by the laws of Quantum Chromodynamics (QCD), at varying densities and temperatures. QCD-matter under extreme conditions has been present during the first micro seconds after the Big Bang and can be found in neutron stars and other compact stellar objects. To obtain insights into the properties of QCD-matter at 3-4 times the nuclear ground state density and at moderate temperatures the HADES experiment has recently performed collisions of gold nuclei at a beam energy of 1.23 A GeV [1] . This density and temperature range is particularly interesting as one expects the transition from dense nuclear matter to dense deconfined quark matter to occur just above this density range. Even more exotic forms of matter, like quarkyonic [2] or color superconducting matter [3] have been predicted to exist in the density regime under investigation.
An established method to study the equation of state of QCD-matter in nuclear collisions is to investigate the development of collective flow. The collective motion of observable hadrons is expected to be a sensitive probe to pressure gradients and inter-particle potentials during the dense phase of the reaction. In particular the so called v n 's, the expansion coefficients of the transverse momentum distribution as Fourier series [4] :
are of interest regarding the study of the bulk matter equation of state [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Here Ψ RP denotes the reaction plane angle and ϕ is the azimuthal angle with respect to the reaction plane. Note that in our simulations we always set Ψ RP = 0, as given by the initial geometry of the reaction. The coefficients v n can then be readily calculated using [4] :
where the average runs over all particles in a given event and acceptance as well as over all events in a given centrality class. Until now higher order (n > 2) Fourier coefficients have only been investigated at high beam energies, i.e. at the RHIC and LHC, and are usually connected to initial state fluctuations which are not correlated with the reaction plane of the event [20] [21] [22] [23] [24] . Recently the HADES experiment at the SIS18 accelerator has begun studying moments of the azimuthal momentum distribution at a rather low beam energy and with respect to the measured reaction plane. Since the HADES experiment has collected a large amount of data, higher order v n 's can be extracted which may open new possibilities on the study of the properties of dense and moderately hot QCD matter.
In this paper we present results on the flow coefficients v n of protons, at the HADES beam energy. The dependencies of the directed flow, v 1 elliptic flow, v 2 and triangular flow, v 3 , both on rapidity and transverse momentum are studied. To this aim, we employ the UrQMD transport model [25, 26] .
II. THE URQMD MODEL
The Ultra relativistic Quantum Molecular Dynamics (UrQMD) transport model is based on the binary elastic and inelastic scattering of hadrons, including resonance excitations and decays, as well as string dynamics and cade version of the model successfully explains the mean particle production as well as collective flow in nuclear collisions [11, 29] . At lower beam energies the role of long range nuclear and electromagnetic interactions becomes more important. Therefore potential interactions have been included in previous versions of the UrQMD code [25, 30] .
A. Potentials in UrQMD
In the current public version of the UrQMD model (v3.4) the same potential models as in the QMD model are implemented. The long range interactions between electric charges is described by a Coulomb potential. The Coulomb-potential, V ij C , is given in form of two-particle interactions, where Z is the charge number of the corresponding particles, e is the elementary charge [25] : 
The hadronic Skyrme-potential, V Sk , which defines the stiffness of the EoS is given by [30] :
with ρ int being the baryon density and ρ 0 being the ground state baryon density. By changing the parameters α, β and γ one changes the stiffness, i.e. effective speed of sound, of the nuclear equation of state. In the following we will use two parameterizations, denoted 'hard' and 'soft' equation of state. The parameters which are implemented for both Au+Au, b=6-9fm equations of state are shown in table I, and have been discussed in [30] .
Parameters hard EoS soft EoS
Note that at the moment we do not include effects of momentum or iso-spin dependent potentials which have been discussed in the literature [31] [32] [33] .
III. RESULTS
In the following we present results for mid-peripheral Au+Au collisions, simulated with the UrQMD transport model. The calculated centralities are b = 6 − 9 fm, corresponding to the 20%-30% centrality class in the data. In line with the recent HADES data we focus on the flow of protons. All the following results are shown for protons at kinetic freeze-out i.e. at the point in time of their last scattering. To reduce the influence of spectator protons we use a spectator-cut which removes particles with p T ≤ 0.3 GeV and y ≥ 0.6. For the present study we ignore the formation of nuclear clusters from protons and neutrons.
For the rapidity dependence of v 1 and v 2 at HADES energy only the hard equation of state is considered, while for the p T dependence and excitation functions of the different flow components and the rapidity dependence of v 3 both EoS will be compared to experimental data and UrQMD in its cascade mode. Au+Au, b=6-9fm A. Directed flow, v1 Figure 1 shows the directed flow in Au+Au collisions (calculation: b = 6 − 9 fm, data: 20%-30% centrality) at a fixed target beam energy of E lab = 1.23 A GeV as a function of rapidity and for various transverse momentum intervals. The symbols denote the preliminary experimental data [34] , the lines indicate the UrQMD calculations with a hard EoS. As expected for such a low beam energy the slope of the proton v 1 is positive. Also no strong dependence on the transverse momentum is observed, at least above momenta of p T > 0.5 GeV. For low momenta and large rapidities we observe a deviation from the measured v 1 values. This deviation might be due to the lack of cluster/nuclei formation in our current model implementation. The low transverse momentum region at rapidity close to the beam rapidity may be dominated by nuclear clusters formed from projectile/target fragments. For small rapidity |y| < 0.2 the model describes the data very well. Figure 2 shows the directed flow in Au+Au collisions (20%-30% centrality) as a function of transverse momentum for various rapidity regions. The symbols denote the preliminary experimental data [34] , the lines indicate the UrQMD calculations. Again we observe a very good description of the data for the hard EoS and transverse momenta p T > 0.5 GeV and/or small rapidities. At low values of p T and large rapidities the same deviation as above is observed. All protons including cluster fragment forming protons are treated as free protons which contributes to a more negative v 1 .
Let us next focus on the energy dependence of v 1 . Due to momentum conservation the directed flow is exactly zero at y = 0, and therefore one usually extracts the slope of v 1 with respect to the rapidity y at y = 0:
We calculate the slope from the v 1 -bins at y = −0.1 ± 0.05 and y = 0.1 ± 0.05. A clear dependence of the directed flow slope on the equation of state is observed (which has already been found in previous publications [8] [9] [10] [11] ). The comparison with HADES data points in figure 2 suggested a rather hard equation of state. In contrast, the data above E lab > 5 A GeV tend to favor a soft EoS. In particular in the FAIR and RHIC BES region a softened EoS seems to describe the observed negative slope of v 1 better [36, 38] .
In the absence of potentials dv1 dy y=0 remains positive, while in the cases with potentials it switches sign and becomes negative. Such a behavior was predicted as a signal for a phase transition [39] [40] [41] , which is not present in our current setup. 
B. Elliptic flow, v2
The study of the elliptic flow has become a standard analysis tool to explore the properties of QCD-matter. At ultra-relativistic energies it allows to investigate e.g. a result of the so called squeeze-out effect, where particles are blocked from being emitted in the reaction plane by the spectator nucleons and are emitted therefore mainly in the out-of-plane-direction. This leads to a negative value of the elliptic flow v 2 with respect to the reaction plane. As the beam energy is increased, the spectators rapidly leave the collision zone and the emission of particles is now dominated by the initial pressure gradients of the ellipsoidal shape of the overlap region. In this case the elliptic flow coefficient turns positive, as particles in the reaction plane obtain a larger longitudinal flow velocity. Thus in the low energy regimes the elliptic flow is governed by an intricate interplay between the overlap stage and the subsequent expansion stage. Figure 5 shows the elliptic flow in Au+Au collisions (calculation: b = 6 − 9 fm, data: 20%-30% centrality) as a function of rapidity and for various transverse momentum intervals at a fixed-target beam energy of 1.23 A GeV. The symbols denote the preliminary experimental data [34] , the lines indicate the UrQMD calculations with a hard EoS.
For higher transverse momenta, the elliptic flow becomes more and more negative due to its growing p ycomponent for higher p T . Figure 6 shows the elliptic flow in Au+Au collisions (calculation: b = 6 − 9 fm, data: 20%-30% centrality) as a function of transverse momentum for various rapidity regions at a fixed-target beam-energy of 1.23 A GeV. The symbols denote the experimental data [34] , the lines indicate the UrQMD calculations.
For both rapidity windows one observes a strongly decreasing v 2 with higher p T . Coming closer to midrapidity this behavior becomes even stronger. Again the calculations with a hard EoS result in a better description of preliminary HADES data. Figure 7 shows the excitation function of the elliptic flow in mid-peripheral Au+Au collisions. Here we compare the cascade calculation and simulation with a soft and a hard equation of state. The symbols denote the experimental data, the lines indicate the UrQMD calculations. The black arrow denotes the HADES energy. The impact parameter varies between values of 6-9 fm. Note that the experimental data are not all for protons (sometimes charged particles are used) and use different centrality selections. Therefore a detailed comparison has to be done with caution.
Again, one observes a strong dependence of the flow on the equation of state, a similar behavior was also found in [35] for IQMD calculations. For low energies till 0.4 A GeV one finds a decreasing flow which has its minimum at E lab = 0.4 A GeV for all scenarios, even the calculation in cascade mode. The decrease is due to the squeeze-out-effect [5, 6, 47, 48] . For higher beam energies one observes an increase of the elliptic flow which slows down for intermediate energies, at which the sign of the elliptic flow has turned positive. In-plane emission becomes more and more preferable due to the higher energy and momenta of the nucleons. A similar behavior of the flow was also observed in [11] where additionally a momentum-dependent potential was included. It is important that, also for the elliptic flow, at higher beam energies E lab > 5 A GeV, a soft EoS is preferred by the data. The softening can be observed in the same energy region like for the slope of the direct flow. This agreement is of great importance as it may indicate a formation of a mixed phase in this energy region. 
C. Triangular flow, v3
The third Fourier coefficient, the triangular flow, has been mainly discussed as a consequence of initial state fluctuations (see e.g. [49] [50] [51] ), which are uncorrelated with the reaction plane. This assumption was shown to be true for the highest beam energies available. As we will see now this interpretation is not any longer valid at low energies. For the triangular flow studies, we evaluate v 3 with respect to the reaction plane. At very high energies it is clear that this procedure will result in v 3 = 0. At the low energies under investigation in the present paper, we may expect, however an interplay in the emission time structure together with the sizable v 1 component to yield a finite v 3 = 0. Figure 8 shows the triangular flow in Au+Au collisions (calculation: b = 6−9 fm, data: 20%-30% centrality) as a function of rapidity and for a transverse momentum p T > 0.3 GeV. The lines indicate the UrQMD calculations with a hard and soft EoS in comparison. From this result we can draw an important conclusion. We confirm a finite v 3 with respect to the reaction plane (at y = 0) for low beam energies. Thus, at the energies discussed here, v 3 is correlated to the reaction plane. Figure 9 shows the triangular flow in Au+Au collisions (calculation: b = 6 − 9 fm, data: 20%-30% centrality) as a function of transverse momentum for the backward rapidity region −0.45 < y < −0.35. Here, the soft and the hard EoS are compared. A clear dependence of the EoS is observed. Since v 3 appears due to a combination of the geometry and space-time-dynamics, we expect it to be even more sensitive to the strength of the potential than v 1 and v 2 . v 3 provides a crucial test for the modeling of the dynamics of the system.
As for the v 1 , the triangular flow vanishes at midrapidity due to momentum conservation, so we extract the slope with respect to the rapidity:
Again, we calculate the slope of v 3 from the bins at y = −0.1 ± 0.05 and y = 0.1 ± 0.05. Figure 10 shows the excitation function of the slope of the triangular flow in Au+Au collisions (b=6-9 fm) for the cascade calculation and a soft and hard equation of state. For all cases a non-zero v 3 with respect to the reaction plane is observed up to beam energies of E lab < 5 A GeV. Its magnitude depends strongly on the EoS. This first measurement of v 3 = 0 with respect to the reaction-plane indicates an interplay of initial stage and expansion stage of the system. Thus, it is not only a consequence of initial state fluctuations. At low energies this makes a separation of both stages impossible like many models, e.g. hydrodynamics, assume.
IV. SUMMARY
We presented a transport model study of the preliminary HADES data for Au+Au reaction at a beam energy of 1.23 A GeV. The UrQMD model provides a very good description of the available data, if a hard equation of state is employed.
Investigating the beam energy dependence of v 1 and v 2 we found that the data consistently favors a hard EoS for E lab < 5 A GeV and a softening of the EoS for higher beam energies, consistent with findings in [8, 12] . This behavior can be studied in more detail at the upcoming FAIR facility.
For the first time we predicted a finite triangular flow, v 3 , with respect to the reaction plane in the SIS18-SIS100 energy range. This observation is in striking contrast to all results obtained at higher energies, where only the v 3 with respect to the 3rd order event plane is finite, which sensitive to initial state fluctuations, not correlated to the reaction plane. The triangular flow is sensitive to the equation of state and can serve as a new tool to explore the time dependence of the pressure during the collision. The finite v 3 indicates that the different stages of the reaction can not be separated into an initial stage and an expansion stage, which is assumed in many hybrid approaches and hydrodyanmics models. Therefore, it questions the applicability of many currently used models for the exploration of the phase transition at FAIR energies. A possible solution of this problem could be full 3+1 dimensional multi-fluid approaches that can cover the whole evolution of the system from the start to the end, including a phase transition.
